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a b s t r a c t
Following a long period of observation and investigation beginning in the early 1970s, it has been ﬁrmly
established that Earth's magnetosphere is deﬁned as much by the geogenic plasma within it as by the
geomagnetic ﬁeld. This plasma is not conﬁned to the ionosphere proper, deﬁned as the region within a
few density scale heights of the F-region plasma density peak. Rather, it ﬁlls the ﬂux tubes on which it is
created, and circulates throughout the magnetosphere in a pattern driven by solar wind plasma that
becomes magnetically connected to the ionosphere by reconnection through the dayside magnetopause.
Under certain solar wind conditions, plasma and ﬁeld energy is stored in the magnetotail rather than
being smoothly recirculated back to the dayside. Its release into the downstream solar wind is produced
by magnetotail disconnection of stored plasma and ﬁelds both continuously and in the form of discrete
plasmoids, with associated generation of energetic Earthward-moving bursty bulk ﬂows and injection
fronts. A new generation of global circulation models is showing us that outﬂowing ionospheric plasmas,
especially Oþ , load the system in a different way than the resistive F-region load of currents dissipating
energy in the plasma and atmospheric neutral gas. The extended ionospheric load is reactive to
the primary dissipation, forming a time-delayed feedback loop within the system. That sets up or
intensiﬁes bursty transient behaviors that would be weaker or absent if the ionosphere did not “strike
back” when stimulated. Understanding this response appears to be a necessary, if not sufﬁcient,
condition for us to gain accurate predictive capability for space weather. However, full predictive
understanding of outﬂow and incorporation into global simulations requires a clear observational and
theoretical identiﬁcation of the causal mechanisms of the outﬂows. This remains elusive and requires a
dedicated mission effort.
Published by Elsevier Ltd.
1. Ionospheric plasma source
Earlier reviews of ionospheric outﬂows and their magneto-
spheric circulation have been given by Moore and Horwitz (2007),
Lotko (2007), and Moore et al. (2008). A brief interpretive synopsis
is given here as an introduction, supported by the schematic
diagram of Fig. 1. The ionosphere was initially determined by
sounding rocket measurements to have a steep topside density
proﬁle with a scale height of less than 100 km, at altitudes where
the heavier species Oþ was dominant. Thus its densities were
expected to be negligible at higher altitudes in space around Earth,
and attention focused then on the entry of solar wind. However
it was determined early on that the solar wind was deﬂected
around a magnetopause, but that cold plasma had substantial
densities out to several Earth radii. This was initially explained
by the presence of light ions Hþ and Heþ with a larger scale
height so they eventually dominated at high altitudes above the F
layer occupied by Oþ and other heavy ions having smaller scale
heights.
At higher invariant latitudes beyond the plasmasphere, ion
outﬂows were initially thought to exist continuously as light ion-
dominated polar winds that extend into the lobes, plasma sheet
and trough regions. At these high invariant latitudes, typically
above 551, plasmaspheric conditions could not be established
because of global circulation driven by reconnection of circulating
ﬂux tubes to the solar wind. This reconnection periodically opens
the circulating ﬂux tubes, allowing escape from the magneto-
sphere through the lobes and boundary layers. Moreover, hot
plasma was produced by the magnetosphere with pressure sufﬁ-
cient to account for the stretching of the plasma sheet within the
magnetotail.
The early view of ionospheric outﬂows described above was
well supported by observations, with one glaring exception that
demanded attention. The substantial presence of Oþ in magneto-
spheric hot plasma was noticed soon after the light ion polar wind
was conﬁrmed, a disruptive and somewhat disturbing observation
that provoked a great deal of discussion and further investigation
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/jastp
Journal of Atmospheric and Solar-Terrestrial Physics
http://dx.doi.org/10.1016/j.jastp.2014.02.002
1364-6826 Published by Elsevier Ltd.
n Corresponding author.
Journal of Atmospheric and Solar-Terrestrial Physics 115-116 (2014) 59–66
Open access under CC BY license.
Open access under CC BY license.
of plasma composition. Soon thereafter, Oþ was conﬁrmed to be
present in auroral accelerated ionospheric outﬂows, and later
found to be accompanied by Nþ , and in very active times by
molecular ions N2þ , NOþ , and O2þ . It became obvious in hindsight
that solar wind energy being funneled into the upper atmosphere
by auroras was raising the scale heights and causing escape of
these heavy species with nominal thermal speeds well below
escape velocity (Wilson and Craven, 1999). More active periods
produced outﬂows of Oþ and at higher activity, molecular ions.
Attention then focused primarily on the auroral phenomena
that produced heavy ion outﬂows. Beginning with the inferred
lack of particle collisions in most of the magnetosphere, many
clues contributed toward an eventual consensus paradigm that
outﬂows result from a combination of ionospheric electron and
ion heating by auroral processes.
Ion interactions with plasma waves must play an important
role in heating the ion plasma transverse to the local magnetic
ﬁeld. The energy required to produce observed ﬂuxes is quite
small compared with the amount of energy transmitted from the
magnetosphere to the atmosphere in active auroras, but the
outﬂows nevertheless scaled directly with the available energy
supply (Moore et al. (1999), Strangeway et al. (2005), Zheng et al.
(2005)). Wave modes of different types were suggested, ranging
from Alfvén (MHD) waves (Chaston et al., 2006) to ion cyclotron
waves (André and Yau, 1997), to lower hybrid waves (Retterer
et al., 1986). The energy to drive such waves has been suggested to
come from sources such as the ﬁeld aligned currents, the shear in
the plasma convection pattern associated with such currents, or
from more remote sources such as reconnection or turbulence
associated with magnetospheric boundary layers or the plasma
sheet. Hot plasma loss cone or other anisotropies may also
contribute to the required wave growth. However, no theory or
model of ionospheric heating has successfully derived a defensible
physical parameterization from detailed bulk properties of the
magnetosphere that are now calculated with considerable success
by global simulation models.
Local in situ observations of outﬂow ﬂux led to a power law scaling
with Poynting ﬂux, even at DC frequencies (Strangeway et al., 2005).
Because this low-frequency electromagnetic energy reﬂects primarily
convective motions, convective frictional heating of ions by collisions
with neutrals appears to be causally important. However, it is not clear
how the kinetic energy range of typical convective ﬂow drifts, with
velocities up to a few km/s, could impart escape energy to the ions.
The heating and outﬂow was also responsive to the electromagnetic
ﬂuxes carried into the ionosphere from high altitudes by low
frequency Alfvén waves, that is, in a frequency range extending up
through the heavy ion cyclotron frequencies (Strangeway et al., 2005).
Work continues to determine the effectiveness of waves at higher
frequencies extending into the lower hybrid range.
Electron heating also occurs in the aurora, resulting from direct
collisions with precipitating electrons or higher frequency plasma
wave instabilities associated with auroral acceleration and pre-
cipitation. This was supported strongly by incoherent scatter radar
observations of topside ionospheric upﬂow events that were at
times associated with intense heating of the ionospheric electrons,
or of the ionospheric ions, either or both of which appeared to
produce strong upward bulk ﬂows of plasma (Wahlund et al.,
1992; Blelly et al., 1996). Modeling (Cannata and Gombosi, 1989;
Khazanov et al., 1997) has shown that ionospheric electron heating
is effective in producing outﬂows, by enhancing the ambipolar
electric ﬁeld that binds electrons to the ions from which they
originated. No signiﬁcant average ﬂux of electrons can leave the
ionosphere without also lifting a similar ﬂux of ions out of the
gravitational trap. The net result is that electron thermal energy or
pressure is just as effective in lifting ions as electrons, regardless of
the large difference in gravitational binding, because they are
coupled together electrostatically.
Scaling relationships for ionospheric outﬂow can be put to
work in specifying the outﬂow expected to result from energy and
precipitation ﬂows into the ionosphere, as generated by magneto-
spheric global circulation models. The scalings do not fully specify
all relevant parameters, but with a few plausible assumptions, can
be used to construct a reactive outﬂow response to conditions that
develop at the inner boundary of a global magnetospheric simula-
tion. Fig. 2 shows results from a scaling constructed for use within
the original Lyon–Fedder–Mobary global circulation model (Lyon
et al., 2004). It responds to Poynting Flux into the ionosphere, and
also to the electron precipitation ﬂux into the ionosphere, as
estimated from the plasma density in the global simulation. The
response to both the Poynting fux and the electron precipitation
is determined from the scalings speciﬁed by Strangeway et al.
(2005). Though the interaction of these two inﬂuences, acting in
combination, was not speciﬁed by Strangeway et al., they
have been taken here to have a multiplicative effect on total
outﬂow. Thus, when precipitation ﬂux is zero, no amount of
Poynting ﬂux can produce any signiﬁcant outﬂow, and vice versa.
The details are more fully speciﬁed by Moore et al. (2007). As
described in the following sections, this type of scaling has been
used to investigate the feedback effects of outﬂows on magneto-
spheric dynamics.
Fig. 1. A schematic depiction of the inter-decadal effort to observe and determine the importance of the ionospheric or geogenic source of magnetospheric plasma. The
names of relevant researchers are placed in locations approximately reﬂecting their seminal contributions to this effort.
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2. Test particle simulations
Outﬂow scalings as described above have been used to inves-
tigate howmuch plasma the observed ionospheric outﬂows would
be capable of delivering to the magnetosphere, as compared with
the solar wind plasma source. Observations showed that this
contribution must be substantial during active times, and yet,
large effects of its presence were not obvious in observations of
global dynamics. As a result, MHD modelers argued that single
ﬂuid codes without ionospheric heavy ion outﬂows were sufﬁcient
to describe the magnetosphere, suggesting that the densities
and pressures of geogenic plasma in the magnetosphere might
be rather small, with negligible effects on dynamics. To assess this
and better determine whether the substantial efforts needed to
develop multi-ﬂuid codes were justiﬁed, preliminary investiga-
tions were performed with test particles representing ionospheric
outﬂows. The test particle simulations also served to clarify the
important circulation pathways and acceleration mechanisms of
the magnetosphere, that were operative on such particles (Moore
and Horwitz, 2007; Moore, 2009; Fok et al., 2006, 2011).
An example of the outcome of these investigations is shown in
Fig. 3 as a three-dimensional set of cross sections of the magneto-
sphere during an active storm period. It shows that the Oþ
pressure resulting from the above described effects reaches sub-
stantial values in this simulation, equal to or exceeding the
pressure of the solar wind ﬂuid. Since the particles are moving
in ﬁelds created by a single solar wind ﬂuid, it is then clear that the
ionospheric plasma is competing with the solar ﬂuid for dynamical
dominance, which is inconsistent with the conclusion reached
from other arguments that the ionospheric contribution is negli-
gible. Instead, this numerical experiment showed clearly that the
ionospheric plasma cannot be ignored as a dynamical inﬂuence on
the magnetosphere, according to the level of physics included in
these circulation models. However, the actual effect of non-
negligible ionospheric plasma pressures can only be assessed
theoretically through implementation of a multi-ﬂuid global
circulation model that allows interaction between the various
plasma species and the ﬁelds. Such efforts were in progress at
the time of publication of the test particle results, by Winglee
(1998, 2003). Initial results from that effort argued that the
ionospheric plasma acted mainly as a load on the system that
reduced the cross polar cap potential in comparison with a single
ﬂuid description. These results were sufﬁciently provocative that
they motivated a concerted effort by multiple global circulation
model groups to generalize their codes into multi-ﬂuid versions
capable of computing the dynamical feedback effects of iono-
spheric heavy ion outﬂows within these codes (Glocer et al., 2009;
Wiltberger et al., 2010; Welling and Ridley, 2010).
3. Multi-ﬂuid global simulations
Scaling relationships for ionospheric outﬂow have now been
put to work in multi-ﬂuid models. As with the single-ﬂuid test
particle models, these scaling relationships are used to specify the
outﬂow that should result from the modeled energy and precipi-
tation ﬂows into the ionosphere. Many plausible sets of assump-
tions can be used to construct a reactive outﬂow response to
conditions that develop at the inner boundary of a global magne-
tospheric simulation. Fig. 4 shows results from a scaling
constructed for use with the multi-ﬂuid Lyon–Fedder–
Mobary (MFLFM) global simulation. It responds as speciﬁed by
Strangeway et al. (2005) scalings for oxygen outﬂow in response to
Poynting ﬂux into the ionosphere, as a function of position all over
the globe, with an important exception. It also applies a “mask”
based on the modeled electron precipitation that limits the
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Fig. 2. Upper panels show hot plasma density, Poynting ﬂux into ionosphere, and auroral parallel potential drop (derived from the ﬁeld-aligned current and Knight
relationship), as speciﬁed by the single ﬂuid LFM simulation, mapped from the inner boundary to the F region (Fok et al., 2011). Lower panels show the ﬂux, thermal energy,
and parallel energy from the source scalings of Strangeway et al. (2005), assuming ions fall through the inferred parallel potential drop.
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outﬂow to those locales for which the electron precipitation ﬂux
exceeds a threshold parameter. The threshold mask is set to limit
the oxygen outﬂow to the auroral zones and exclude it over
the polar cap region, where lower-energy light ion polar wind
dominates. As described in the following sections, this scaling has
been used to investigate the feedback effects of outﬂows on
magnetospheric dynamics.
The outﬂow scaling described above was used with the MFLFM
simulation code to assess the response of the magnetosphere to
ionospheric outﬂows during a geomagnetic storm period. The
MFLFM augments the LFM simulation code (Lyon et al., 2004)
through the addition of multiple coupled ﬂuids. The MFLFM was
described in Wiltberger et al. (2010). It has been used for idealized
studies (Garcia et al., 2010; Wiltberger et al., 2010; Brambles et al.,
2011) as well as storm-time event studies (Brambles et al., 2010;
Damiano et al., 2010). The simulations here use two ion ﬂuids that
are coupled through the electromagnetic ﬁelds, giving them
identical velocities perpendicular to the magnetic ﬁeld. In this
simulation, an Hþ ﬂuid comes from the solar wind, and an Oþ
ﬂuid comes from the ionospheric boundary of the simulation at
2 RE geocentric distance. An ionospheric Hþ ﬂuid can also be
included, but has not been in the current results.
In addition to the scaling relationship described above, there is
a background, slowly varying outﬂow based on Akebono data. This
model was described and used by Ebihara et al. (2006). It takes as
input the geomagnetic Kp index, sunspot number, and day of year
and returns the number density, velocity, and temperature of the
outﬂowing Oþ ions as a function of latitude and magnetic local
time. The resulting contribution to the outﬂow is small compared
with the contribution from the Strangeway et al. (2005) relation-
ships, which therefore contribute the bulk of the oxygen outﬂow.
4. Investigation of feedback
As a context for study of outﬂow effects, the solar wind record
was taken from OMNI data covering the period from 1800 on 30
Sep 2001 to 1400 on 1 Oct 2001. It was used to drive the MFLFM
magnetospheric simulation, in conjunction with the ionospheric
outﬂow model described above. The results are summarized in
this section.
First, we show a “typical” snapshot of the computed magneto-
tail magnetic ﬁeld during this period, as given in Fig. 5. Here, the
color axis shows the log of the value of the component of the
magnetic ﬁeld perpendicular to the neutral sheet (Bt), with the
reversal locus (Bt¼0) indicated by a red curve. The most notable
features of this ﬁgure are that this ﬁeld component is markedly
reduced near the Earth and enhanced far from the Earth, owing to
the the presence of the outﬂowing ionospheric plasmas. The
430 nT region is reduced in nightside extent, and azimuthal
structuring is reduced somewhat. At the same time, the extent
of the o3 nT region is greatly extended, clearly implying that the
presence of outﬂow plasmas leads to a stretching of ﬂux normally
closing inside 12 RE (purple curve) to greater closure distances in
the tail. The ionospheric plasma also enhances the x component of
the magnetic ﬁeld above and below the neutral sheet, but this is
not shown in this ﬁgure.
A video sequence of similar frames (not shown) was generated,
from which these frames were selected as being representative.
In them one sees frequent occurrences of a shifting ridge or local
maximum in the Bz component like the one shown in Fig. 5.
Typically, the ridge has Bt values as much as a factor of 2 larger
than those immediately Earthward of the ridge. Such features
appear as concentrations of magnetic ﬁeld that may be trans-
ported tailward by localized enhancements of outﬂowing plasma
created by the motions generated as the solar wind ﬂows along
the ﬂanks of the magnetosphere. Field ridge or bump features like
this, or larger in magnitude than seen here, have been shown by
Sitnov et al. (2013), to be quasi-equilibria of the magnetotail that,
if established, will launch dipolarization-injection fronts (DFs)
toward Earth, even in advance of reconnection driven ﬂows
usually thought responsible for DF formation.
To depict the time evolution of the magnetotail, Fig. 6 shows
the conditions along the R¼12 RE curve shown in Fig. 5, through-
out the 12 h duration of the simulation. Here UT is plotted
horizontally and position along the curve is plotted vertically,
Fig. 3. Oþ pressure distribution in three planes as computed from the motion of Oþ ions with speciﬁed properties at the ionospheric boundary, through the ﬁelds computed
by the single ﬂuid LFM simulation for the storm period of 2003-Nov-20, at the indicated time, after Fok et al. (2011).
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with dawn and dusk as indicated. The Vx, or Earthward compo-
nent of the ﬁeld-perpendicular ﬂow, is plotted in the Z or color
axis. The colored transients that start up inside the ﬂank regions
and migrate outward, then inward, are examples of low latitude
boundary layer vortexes that roil the boundary layers under such
conditions. The main feature of note is that the center of the tail, as
indicated by the yellow oval, becomes more active with similarly
bursty features when outﬂow is present than when it is omitted.
Behavior along the ﬂanks is not much affected by this experiment,
and is presumably driven by the solar wind boundary layer shears
within the magnetosphere. However, the velocity transients along
the circulation path of the ionospheric outﬂows increase in both
magnitude and frequency. These transient Earthward ﬂows are
examples of bursty bulk ﬂows, and are led by dipolarization fronts,
leading to inner magnetosphere hot plasma injections. They
increase in magnitude and frequency with the addition of the
speciﬁed ionospheric heavy ion outﬂows. It should be clear from
this result that ionospheric outﬂows interact with the central
plasma sheet by making it more dynamic and bursty than would
otherwise be the case. We interpret this as evidence for the
existence of feedback loops connecting the ionospheric outﬂows
with energy storage and release in the plasma sheet. Further
studies are in progress to trace the presence of such loops in
greater detail.
5. Discussion: Physical modeling of outﬂows
Empirical scalings of ionospheric outﬂows like those described
above can be seen to have important applications to the perfor-
mance of numerical experiments that elucidate the role of such
outﬂows in magnetospheric dynamics. They have quickly shown
themselves to be essential elements in the dynamics of the
magnetosphere, because if they are varied, entirely different
behaviors of the magnetosphere are then observed in the experi-
ments. This tells us that we must include such outﬂows in a global
circulation model that is expected to be accurately predictive. Yet,
our empirical knowledge is incomplete and far from perfect, in
that many factors are unspeciﬁed or missing from them. That is, a
lot of scatter remains in the ﬁts to the available data. Without
more exhaustive data to validate a deﬁnitive physical model of
ionospheric outﬂows, comparable in completeness and accuracy to
the global simulations as described above, we cannot be conﬁdent
that global simulations are truly realistic.
Currently, we are far from having such physical model, espe-
cially one that is suitable for use within a global simulation. Some
very impressive efforts have been made, for example by Barakat
and Schunk (2006) and by Glocer et al. (2009). These include a
large number of the effects thought to be important, which are
summarized schematically in Fig. 7.
Prominent in Fig. 7 are two channels of energy ﬂow into the
ionosphere: electromagnetic and kinetic. These correspond to the
two types of heating observed to take place by radars at lower
altitudes in the F region. The former mainly heats ions and neutral
gas while the latter is thought to heat primarily the electron gas.
The Poynting channel bifurcates into DC frequencies that drive
ionospheric convection and collisional friction with the gas, and
MHD to EMIC wave frequencies that deposit energy mainly within
collisionless regions through cyclotron resonance. The latter may
include waves emitted by sources at high altitudes, such as
reconnection or auroral acceleration, with subsequent propagation
along ﬁeld lines into the ionosphere. These can be propagated into
the ionosphere to the degree that they are generated and resolved
by the global simulation, limiting frequencies to the global
simulation time step cadence. The biggest obstacle to physical
modeling of outﬂows is the lack of a method for computing wave
growth and saturation, with energy ﬂuxes from free energy
sources speciﬁed by a global simulation. At low frequencies
resolved by the global simulation time step, this can be done,
but higher frequency plasma wave growth is untreated by such an
approach. The frequent observation of “transversely heated ions”
in the topside ionosphere implies that such waves play an
essential role, increasing the fraction of the ion velocity distribu-
tion that exceeds the relevant escape energy, which is
Fig. 4. Snapshots of the Oþ outﬂow ﬂux, density, and parallel ﬂow velocity, as
speciﬁed by the Poynting ﬂux scaling of Strangeway et al. (2005), based on inner
boundary conditions from the multi-ﬂuid LFM global simulation for 2001-Oct-01,
masked by the computed precipitation ﬂux threshold, yielding a total outﬂow rate
of 51025 ions/s.
T.E. Moore et al. / Journal of Atmospheric and Solar-Terrestrial Physics 115-116 (2014) 59–66 63
substantially reduced as the ambipolar electric ﬁeld is enhanced
by electron heating, with a compound effect on the escaping ﬂux.
A simple approximate outﬂow calculation can be performed
using a generalization of Jeans‘ kinetic escape applicable to ions
moving in gravitational, magnetic, and electric ﬁelds (Khazanov
et al., 1998; Moore and Khazanov, 2010). The ﬂux follows from the
exobase density and the escaping fraction of the ion velocity
distribution. This ﬂux increases with ion temperature, as more
particles are raised into the escaping parts of velocity space, above
the escape speed. It also increases with increasing electron tem-
perature, up to a point, because that increases the magnitude of the
ambipolar electric ﬁeld, which counteracts the gravitational force
and reduces the escape speed. This point is commonly neglected in
citing the gravitational binding energy of Oþ ions, 10 eV, implying
that 10 eV kinetic energy is the minimum for achieving escape. In
fact, typical solar EUV conditions imply an ambipolar potential of
order 7–8 V (Khazanov et al., 1997), which substantially enhances
the number of Oþ ions having escape energy at given temperature.
A recent study by Kitamura et al. (2012) shows that auroral electron
precipitation typically increases the ambipolar potential to 20 V
in ion outﬂow regions, leading to the question of why the entire
ionosphere does not escape. However, as shown by Khazanov et al.
(1998), the ambipolar ﬁeld remains weaker than gravity at low
altitudes, so there remains a small potential obstacle that must be
overcome by ion heating or acceleration. One proviso to this
argument is that, as Oþ escape increases, the requirement for
ambipolar potential to restrain electrons is correspondingly
reduced, so the ambipolar potential saturates and eventually
declines. Kitamura et al. (2013) has also reported that this effect is
seen during storm periods of very large ionospheric outﬂows.
Fig. 5. The top (no Oþ outﬂow) and bottom panels (Oþ outﬂow) show a typical snapshot of the multi-ﬂuid LFM magnetotail during the interval of solar wind driving on
2001-10-01, with and without outﬂow, at the indicated time. The Z (color scale) axis is log10(Bt), the component of magnetic ﬁeld transverse to the neutral sheet, while
plasma ﬂow is shown by the vector ﬁeld. Features are discussed in the text. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 7 suggests the presence of pick-up or ring beam ion
distributions that form near and below the exobase, where ion
neutral collisions are comparable to the gyro-frequency, and
where ionization in sunlight or charge exchange between ions
and neutral atoms is an important type of collision (Wilson, 1994;
Hubert and Leblanc, 1997). When such distributions are formed in
the cold dense ionospheric plasma, by forced strong (comparable
to or exceeding the thermal speed) convection, such a plasma
contains a potent source of ion-resonant waves whose purpose is
to relax the pick-up ion distributions into more thermal forms.
During such a transition, the ion velocity distributions must
acquire distinctly non-thermal energy and angle distributions.
Cometary pickup ion observations suggest that the transitional
distributions acquire power law tails with scale energies equal to
the convection drift velocity. It has been shown (Moore and
Khazanov, 2010) that in combination with soft electron enhanced
ambipolar potential, bulk outﬂows similar to Strangeway et al.
scalings will result from a generalized kinetic escape calculation.
This approach is an end run around the need to compute wave
effects from energy sources and ﬁrst principles, and that will be
essential in the long run to work out the full plasma physics for
this interesting transition region. It will certainly involve the
perpendicular analog of the plasma bump in tail instability, for
ions, and following its development through growth to (quasi-
linear) saturation.
6. Conclusions
A complete understanding of and accurate modeling of iono-
spheric outﬂow requires new observational efforts focused on
exobase transition region physics. Global simulations cannot
proceed much further toward a predictive science of geospace
weather until we have physical, ﬁrst-principle models of these
outﬂows and integrate them into our global simulations. Empirical
scalings that are obtained from single spacecraft, though tantaliz-
ing and valuable for the validation of physical models, are
insufﬁcient to depict the full plasma physics of ion-neutral inter-
actions in the exobase region with integrity sufﬁcient to support
predictive conﬁdence. We require a physical model that derives
ionospheric ion and electron heating from the bulk plasma
properties of a ﬁrst principles global simulation model. The most
problematic aspect of this is the dissipation of free energy sources
into MHD and-or plasma waves and their eventual dissipation into
plasma thermal motions. At present, there is no way to derive the
amount of ionospheric heating and outﬂow that will be produced
by the imposition of speciﬁed boundary conditions in a global
simulation model.
Therefore, the time has come for a mission dedicated to the
interdisciplinary study of the fundamental plasma physics of the
magnetosphere–ionosphere source term energetics responsible
for ionospheric outﬂows into the magnetosphere. The most recent
Heliophysics Decadal Survey identiﬁes a mission called M–I Source
Term Energetics, or MISTE. Fig. 8 illustrates the mission concept,
involving observations at three points: (i) within the F region
topside source region, well below the exobase, (ii) within a cold
Fig. 6. Top (no outﬂow) and lower (high outﬂow) panels show the X ﬂow
component (perpendicular to local magnetic ﬁeld) on the Z or color axis, for the
simulated 14 h period on 2001-10-01. Values are plotted along a equatorial
semicircle extending from dawn to dusk at a radius of 12 RE. The yellow oval
indicates the region in which the outﬂow induces higher-velocity ﬂow bursts. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
Fig. 7. A conceptual diagram of the physical processes thought to be important
(Khazanov et al., 1998; Moore and Khazanov, 2010) in causing and controlling the
rate of ionospheric outﬂows of Oþ .
Fig. 8. The Magnetosphere–Ionosphere Source Term Energetics (MISTE) mission
appeared in the 2012 Heliophysics Decadal Survey of the National Academy of
Sciences. It is designed to perform the ﬁrst detailed observations of the collisionless
magnetosphere, the collisional ionosphere, and the complex transition region
separating them, where collisions and magnetization compete for control.
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scale height of the exobase transition region, and (iii) a hot scale
height above the exobase, where outﬂows are fully developed.
The lower observations establish the contextual conditions in
the collisional ionosphere and can be obtained with mesoscale
context using a combination of Advanced Incoherent Scatter
Radar, a network of All Sky Cameras, and a network of Meridian
Scanning Photometers. The upper measurements establish the
conditions in the magnetized/collisionless magnetospheric region.
The middle (exobase transition) measurements will determine
how the boundary conditions generated by the solar wind, via the
magnetosphere, interact with the ionospheric gas and plasma
conditions set by sunlight and global convection, in the transition
region where conditions are neither magnetized nor collisional.
These can be provided by a pair of identical spacecraft carrying gas
composition sensors, ﬁelds and waves instruments with wave
interferometry (k-ﬁltering), in addition to observations of both
precipitating particles and locally accelerated/heated ionospheric
plasmas. Being identical and swapping high–low positions on
alternate half orbits, such spacecraft will clearly observe the
gradients in all parameters within the transition region. In concert
with a robust supporting theory and modeling effort, these
measurements will unravel the complex plasma physics of ion-
neutral coupling in the exobase transition region, which is neither
fully magnetized nor collision dominated.
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